Selective laser sintering (SLS) is an additive manufacturing (3D printing) technique that can be applied to the anode of lithium batteries to simplify the manufacturing process and enhance the production ef ciency. The speci c surface nanostructures and intermetallic compounds (IMC) induced by the SLS process can improve the capacity and cycle life. In this study, a stable anode for a lithium ion battery was successfully fabricated by the SLS process, the capacity of the battery exceeded 150 mAhg −1 after 10 cycles under a 0.1 C current rate at room temperature. Moreover, the capacity enhanced to 250 mAhg −1 after 10 cycles under a 0.1 C current rate at the high temperature of 55 C. The results show the potential of the SLS technique for application in the lithium ion battery industry.
Introduction
Lithium ion battery is a popular research topic for energy storage systems. The anode of lithium ion battery is made of graphite. However, graphite anodes have lower volumetric energy density and hinder performance improvements of lithium ion batteries 1) . Consequently, anode materials that feature high volumetric energy density such as silicon 2) , magnesium 3) , aluminum 4) and tin 5) are being researched today. Magnesium-based anodes have many advantages, including low mass density, high workability, low cost and a very high theoretical capacity up to 3350 mAhg −1 . In addition, the capacity of magnesium anodes does not decay in high temperature environments 6) , and it makes the prospective application. It has been demonstrated that thin lm anodes have higher capacities than powder anodes with the same base material 7) , 8) . This is due to both the strong adhesion and formation of intermetallic compounds (IMC) at the interface. Magnesium-based thin lm anodes have great applicability in high temperature or high current working environments. Therefore, we chose magnesium as a candidate material and provide references to magnesium anode application. However, the equipment for thin-lm process is too expensive to mass production. It limits the applicability of the materials 9) . At present, the powder used for electrode production is obtained by chemical synthesis or by physically grinding, and then it is applied by slurry mixing and coating processes. The electrode production process involves at least 6 steps, including powder synthesis, binder addition, mixing, coating, rolling and baking, which in total requires about 24 hours.
Selective laser sintering (SLS) is a popular additive manufacturing (3D printing) technique 10) that uses a laser as the power source to sinter powdered materials. SLS can be applied to a variety of materials, and the process is quick and simple. In applying SLS, this study employs a femtosecond laser to melt pure magnesium electrode powder. The femtosecond laser has much smaller heat-affected zone (HAZ) than nanosecond and picosecond laser, so it can prevent the damage to substrate. In this manner, the 6 steps of slurry mixing and coating processes can be combined into a single step which requiring only 3 minutes. Moreover, a new interface layer can be formed after the laser sintering 11) . The characteristics of the SLS-derived phase at the interface are similar to that of the formation of thin lm electrodes. Accordingly, the capacity and electrochemical properties should be improved.
This study used pure magnesium powder as a base material and applied the SLS technique to manufacture a magnesium anode for lithium ion batteries. It also investigated the stack microstructures, phase characteristics and the electrochemical mechanisms to assess the possibility of the SLS process being applied to electrode production. The obtained data could provide references to the battery industry.
Experiments
This study used AM100G2 laser additive manufacturing equipment in the SLS process. The atmospheric condition of a chamber was 2000 ppm of oxygen. A ber laser with a wavelength of 1070 nm was used as the laser source. The operating power and spot size of which were set to 50 W and 70 μm, respectively. The following describes the manufacturing process of the samples. First, the magnesium powder was spread onto the copper foil, and then processed by SLS. The powder spread and SLS process were repeated to produce samples continuously stacked by two active material (Mg) layers. These samples did not require extra heat or compaction treatments; rather, they were simply punched into circle-shaped electrode samples. These electrode samples were referred to as SLS Mg anodes in this article. A schematic diagram of the equipment and SLS process is shown in Fig. 1 .
SEM imaging was employed to research the surface and cross-section of the SLS Mg anode microstructures, while the elemental composition was analyzed by EDS. The electron beam size of SEM is 5.0 nm and which of EDS is 8.0 nm. The resolution of EDS is 123 eV. The above-mentioned cross-section was made by ion beam cross-section polisher (JEOL IB-09010CP), after which the crystal structure was investigated by GI-XRD (Rigaku D/MAX 2500) with Cu Kα radiation (λ = 0.15406 nm) operated at 40 kV and 100 mA and a scan speed of 3 min After the electrode analysis, we assembled the half batteries 12) . All of the assembly processes were completed within a glovebox lled with Ar. The half batteries used lithium foil as the reference electrode. The electrolyte was composed of LiPF 6 (1 M) as a lithium salt, ethylene carbonate + propylene carbonate + dimethyl carbonate (volume ratio is 3:1:6) as solvent and vinylene carbonate as additive. The cathode and anode were separated by a separator made of polyole n (diameter 20 mm, thickness 20 μm) to prevent battery shorting.
The charge-discharge test of the half batteries was processed by the constant current method, and the speed was set to 0.1 C and 1 C. The cut-off voltages of the charge and discharge were 1.5 V and 0.005 V. The charge-discharge process ran for 10 cycles at room temperature (25 C). Additionally, the process with the 0.1 C current rate was run for 10 cycles at high temperature (55 C).
In addition, we used cyclic voltammetry analysis to study the redox reaction mechanism, the cycle ef ciency of the batteries and the microstructure change of the active materials. The scan range was set to between 0 to 1.5 V with a step of 0.05 mVs −1 .
Results and Discussion
First, we focus on the surface microstructures of the SLS Mg anode. Figures 2 (a) , (b), and (c) present the SEM images with different magni cations before the charge-discharge tests. A full grain of the magnesium and nearby lm-like area could be observed at X800 magni cation. When the magnication increased to X3000, it was revealed that the lm-like area was composed of columnar crystals. At the high magnication of X64000, the spherical nanostructures could be observed. The nanostructures covered the entire surface and there were pores among them. This phenomenon is caused by the instant vaporization and cooling deposition of the materials during the SLS process. The phenomenon has been reported with other materials such as Ti 13) . Moreover, these nanostructures increase the surface area of the active materials, thereby providing greater access to the insertion and extraction of lithium ions. In addition, the microstructures have numerous pores that can act as a buffer area of the expansion after charging and discharging; as a consequence, the batteries cycle life can be increased.
To understand the interface morphology between the active material and copper foil substrate after SLS, we investigated the cross-sectional SEM and EDS images, as shown in Figs. 3 (a) and (b). The thickness of the Mg layer was found to be about 10 μm. Further, a very thin interface layer can be observed between the Cu substrate and Mg. This interface was con rmed as a Cu-Mg compound by EDS. To verify the composition of the compound, we used the GI-XRD shown as Fig. 4 to analyze the crystal structure. The Mg 2 Cu and MgCu 2 peaks (JCPDS 02-1315 and JCPDS 01-1226) were observed and veri ed. The result shows that heat can combine these two materials to form a stable intermetallic compound (IMC) layer in the SLS process.
Capacity is an important indicator of electrode ef ciency. Figure 5 presents the cycle life capacity diagram of the SLS Mg anode at the 0.1 C current rate. The capacity was stable after 10 times charge and discharge cycles, and there is no obvious decay phenomenon. This suggests that the SLS technique applied to the Mg-based anode has a positive effect on the battery cycle life.
With respect to the charging and discharging characteristics at 0.1 C, Fig. 6 shows the lithium insertion and extraction curves of the rst 3 cycles. Due to the reaction of the rst cycle being relative to the formation of the solid electrolyte interphase (SEI) 14) , the behavior of the insertion and extraction was different from that of the other cycles. At the second and third cycles, the extraction platform of the SLS Mg anode was in the range of 0.02 V to 0.15 V. The main insertion platform started at 0.1 V; then, a stable and active lithiation reaction occurred at 0.02 V. Moreover, the extraction amount increased with cycle time, which means that the reaction barrier decreased with extraction and stabilized the electrode.
Battery ef ciency of high current charging and discharging is also an important issue. Figure 7 is the cycle life capacity diagram of the SLS Mg anode at the 1 C current rate. As can be seen, the capacity of the rst cycle was similar to that of the 0.1 C current rate, but an obvious decay tendency was evident at later cycles. Figure 8 presents the insertion and extraction curves at the 0.1 C current rate. As shown, there was no obvious SEI formation during the rst cycle, and was different from that of the 0.1 C current rate. As such, we can deduce that charging and discharging at a high current rate is harmful to SEI formation, and it can decrease the cycle life and capacity of the battery.
To understand the charging and discharging behavior of the SLS Mg anode, a cyclic voltammetry (CV) analysis was conducted for the 1st and 11th cycles at the 0.1 C current rate. The results are shown in Fig. 9 . The 1st cycle has a balancing process at beginning during the negative scan. Although there were insertion reactions for the entire potential, there was no obvious reduction peak. This is attributed to the nanostructures covering the SLS Mg anode, and it causes the SEI layer to grow clearly. Though more time seemed to be required to form a compact SEI, the electrode protection ability was much better. There was an oxidation peak at 0.204 V during the positive scan, and the extraction reacted below this potential. It means the SEI formation was almost completed. In addition, the full curve could not close indicating the irrevers- ible phenomenon caused by the lithiation of the active material and SEI formation. With respect to the 11th cycle, the CV curve had the highest reduction peak at a potential of 0.005 V, at which point the insertion was also the most active. There was an oxidation peak at 0.226 V. The extraction potential shifted toward a high potential, and the reaction amount was larger. Moreover, the full curve was closed, which indicated good reaction reversibility. The high temperature test at 55 C can check whether the surface nanostructures induced by the SLS process have bene ts or not. Figure 10 presents the cycle life capacity diagram at 55 C with a 0.1 C current rate. As shown, the capacity at high temperature was better than at room temperature. This is due to the high temperature environment providing more driving force to improve the insertion and extraction reaction. In addition, the nanostructures increased the reaction surface area and signi cantly enhanced this phenomenon. Accordingly, the capacity was much higher than the powder Mgbased anode at high temperature 6) . However, the vigorous insertion and extraction make the expansion of the active material greater, so the capacity decay is more obvious than that at room temperature. By studying the tendency of insertion and extraction in Fig. 11 , the characteristics of the rst cycle were similar to the later cycles. This is because of the high temperature increasing the reaction rate and shortening the SEI formation time. For the 55 C high temperature test, the electrode extraction occurred at a range below 0.18 V, and the main insertion started at 0.1 V. Additionally, the stable platform was at a potential of 0.02 V.
Finally, the effects of the SLS process applied to Mg anode of a lithium ion battery are summarized in the following. A schematic diagram of the SLS Mg anode is shown in Fig. 12 . The surface is covered with nanostructures by instant cooling. Moreover, these nanostructures can increase the surface to increase the capacity, especially in high temperature environments. A new IMC interface between the Cu foil and the ac- tive Mg material was formed because of the laser heat. This interface is a low-resistance thin lm composed of Mg 2 Cu and MgCu 2 compounds. It can either increase the bondability of the active material and substrate or buffer the expansion of the active material. Furthermore, it increases the cycle life of batteries.
All of these results demonstrate that the SLS process has great potential for electrode manufacturing. Compared with the traditional powder process, it can shorten the process time and increase the ef ciency.
Conclusion
The SLS process provides a new manufacturing method which can not only bind the active materials and substrate without carbon black and binders, but also shorten the process time. The unique nanostructures and Mg 2 Cu-MgCu 2 intermetallic compound layer were formed after the SLS process. These two structures increased the capacities both at room temperature and high temperature. In addition, the cycle life of the battery was also increased. In the future, this technique could be applied to improve the structural design of collectors or produce full solid-state batteries that include solid electrolytes. Moreover, the SLS process applied to the electrode manufacturing of lithium ion batteries is a high-potential technique, and it could provide more applications for the development of the battery industry.
